It is well established that cardiac failure increases cardiac B-type natriuretic peptide (BNP) expression due to myocardial stretching. However, patients with ischemic heart disease also display increased plasma BNP and proBNP concentrations despite preserved cardiac function. In this study, we examined whether acute myocardial hypoxia increases cardiac BNP expression. Surgical reduction of the blood flow to an area of the anterior ventricular wall in pigs reduced the myocardial oxygen tension from 46 ± 4 to 13 ± 5 mmHg. The tissue contents of VEGF and BNP mRNA increased 1.8-fold and 3.5-fold, respectively (n=10, P<0.005) in hypoxic compared with normoxic ventricular myocardium after 2.2 ± 0.2 h; the magnitude of the increase in BNP mRNA expression was positively correlated with that of VEGF in hypoxic myocardium (r=0. 66, P<0.05). In support of a hypoxia-induced increase of BNP gene transcription, the content of a premature BNP mRNA was increased in hypoxic myocardium (4.8-fold, P<0.005) and in freshly harvested ventricular myocytes when kept in culture flasks and oxygen-deprived for 3 h (2.2-fold, P=0.002). ProBNP peptide accumulated in the medium of freshly harvested ventricular myocyte cultures but was undetectable in ventricular myocardium, indicating rapid release of the newly synthesized proBNP peptide. Accordingly, the plasma proBNP concentration increased after 2 h of myocardial hypoxia (P=0.028). Cumulatively, the data suggest that acute hypoxia stimulates cardiac BNP expression.
the calcineurin pathways (4, 10, 11) and in vivo by pharmacological intervention in heart failure patients (12) (13) (14) .
The diagnostic specificity of increased plasma BNP and proBNP concentrations is nevertheless remarkably low in heart failure (15) (16) (17) . This implies that other stimuli besides myocyte stretching and neurohormonal activation may be involved in regulating cardiac BNP gene expression. Plasma BNP and proBNP concentrations in patients with acute coronary syndromes and myocardial infarction are also increased (18) (19) (20) (21) (22) (23) (24) . Interestingly, the increased plasma concentrations precede and predict later development of heart failure (20, 21) . Moreover, ventricular BNP gene expression is associated with increased plasma BNP and proBNP concentrations in stable ischemic heart disease patients without ventricular dysfunction (25) . A recent report disclosed that hypoxia stimulates the atrial natriuretic peptide gene promoter and that this effect is mediated by the heterodimeric transcription factor hypoxia-inducible factor HIF-1 (26) . HIF-1 is stabilized by low oxygen tension (27) and enhances transcription of several genes, including the vascular endothelial growth factor (VEGF) gene (28) . The BNP promoter region also has a HIF-1 binding site, and cultured myocytes transfected with a stable hybrid form of HIF-1 display increased BNP mRNA expression (29) . Moreover, hypobaric hypoxia stimulates both ANP and BNP gene transcription (30) and peptide release in vitro from perfused rat heart preparations (31) . Interestingly, ANP and BNP mediate vasodilatation of the coronary arteries, which suggest a local regulatory effect on the myocardial blood supply (32) (33) (34) (35) . We therefore hypothesized that myocardial hypoxia per se may increase ventricular BNP expression in vivo.
To test this idea, we established a porcine model of reduced blood flow to an area of the left ventricle and compared the BNP expression in hypoxic and normoxic ventricular myocardium. The results suggest that acute myocardial hypoxia increases cardiac BNP gene transcription and raises the plasma proBNP concentration.
MATERIALS AND METHODS

Myocardial hypoxia
Twenty-one Danish-bred pigs were used in this study. To examine myocardial hypoxia, 14 pigs were anesthetized with a mixture of zolazepam (11.9 mg/mL), tiletamine (11.9 mg/mL), xylazine (12.38 mg/mL), ketamine (14.29 mg/mL), and methadone (2.38 mg/mL). The mixture was injected intramuscularly (0.1 mL/kg), and the pigs were intubated and ventilated with 1 L oxygen and 2 L of atmospheric air/min. The anesthesia was maintained on isoflurane (3%) and intravenous haldide (400 µg/h). Amiodarone (300 mg) was administered intravenously before sternotomy to minimize later arrhythmic complications. After sternotomy, the left internal mammary artery was mobilized and anastomosed to the left ascending interventricular vein. Ligation bands were placed without closing around the left anterior descending interventricular artery (LAD). The LAD was closed, and blood flow from the anastomozed left internal mammary artery to the interventricular vein was established. In this way, a limited arterial blood supply to the anterior ventricular wall was ensured. The intramyocardial oxygen tension was continuously monitored with a Revoxode pO 2 probe (Licox CMP instruments, Plainsboro, NJ; 36). The central venous pressure and heart rate were also monitored continuously, and dobutamine was administered when necessary to maintain normal hemodynamics. Four pigs developed ventricular fibrillation and were excluded from the study. Control pigs (n=4) underwent the same procedures, except that the anastomosis between the mammary artery and the interventricular vein was omitted and the LAD was not closed. The pigs were killed with pentobarbital 2.2 ± 0.2 h after induction of myocardial hypoxia. The experimental animal protocol was approved by the local ethics committee for animal research.
Myocardial tissue and plasma
Transmural biopsies (0.5-1.0 g) were collected immediately after sacrifice from the normoxic inferior left ventricular wall, from a hypoxic region adjacent to the pO 2 probe in the anterior left ventricular wall, and from the appendage of the left atrium. The biopsies were immediately frozen in liquid nitrogen and stored at -80°C. Blood was collected before induction of myocardial hypoxia and 2 h after in Na 2 -EDTA (1.5 mg/mL) containing tubes and the plasma was stored at -80°C.
Freshly harvested ventricular cells
To access myocyte gene expression and peptide release in the absence of mechanical stimulation, three pigs were killed with pentobarbital and transmural biopsies (~2.0 g) were obtained from the anterior left ventricular wall and the appendage of the left atrium (~2 g tissue/biopsy). The tissues were rapidly minced with a scalpel into 0.5 × 0.5 mm pieces and immersed in 37°C serum-free culture medium (Dulbecco's MEM with L-alanyl-L-glutamine and 4.5 g/L glucose, Invitrogen, Taastrup, Denmark) supplemented with protease inhibitors (Complete EDTA-free, Roche, Hvidovre, Denmark). The minced tissue was washed twice in medium by centrifugation (1500 rpm, 10 min), resuspended in fresh medium, and transferred to culture flasks (~200 mg tissue in 5 mL medium). The flasks were kept at 37°C for 3 h in atmospheric air or in an anaerobic workstation (Concept 400, Ruskinn Technology, Leeds, UK). Subsequently, the cells and culture medium were separated by centrifugation and stored at -80°C. The medium oxygen tension was measured in an ABL 700 (Radiometer, Copenhagen, Denmark).
mRNA Purification and cDNA amplification
Total RNA was isolated with TRIzol (Invitrogen), and the integrity of RNA was ensured by 1% agarose gel electrophoresis or a RNA Nano LabChip kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Frankfurt, Germany). The contribution of contaminating DNA in the RNA preparations was negligible as judged from real-time PCR analysis of heart total RNA (i.e., prior to cDNA synthesis) with primers that amplify premature BNP. First-strand cDNA was synthesized from 1 µg RNA with M-MULV reverse transcriptase (40 U, Roche). We have previously reported that the porcine heart contains both mature BNP mRNA and a premature BNP mRNA (37) . The mature BNP mRNA was measured with primers: 5′-CCCGCAGTAGCATCTTCCA-3′; and 5′-TTGCTTTGAAGGGGAGCAG-3′ or as described previously (37) . The immature BNP pre-mRNA was amplified with primers: 5′-GGGACCAAACTCCGAGAAA-3′; and 5′-CAGCCAGGCAATGACAGAAT-3′. VEGF mRNA was measured with primers: 5′-TGAGCTTCCTACAGCACAACA-3′; and 5′-ACCGCCTCGGCTTGTC-3′. For normalization, β-actin mRNA was amplified as described previously (37) and GADPH mRNA with primers: 5′-TGGAAATCCCATCACCATCT-3′; and 5′-TTCATGCCCATCACAAACAT-3′ (Sigma Genosys, Haverhill, UK). Agarose gel electrophoresis and DNA sequencing of polymerase chain reaction (PCR) products ensured the specificity of each reverse-transcription PCR reaction.
Real-time mRNA quantification
Quantitative real-time PCR analyses were performed with the Lightcycler and Faststart DNA Master SYBR Green I mix (Roche). Each PCR reaction contained cDNA synthesized from 20 or 200 ng total RNA. Parallel analyses of dilutions of heart cDNA pooled from normal pigs (n=5) were used to determine the relation between the time point of the log-linear increase of the fluorescence signal and the concentration of an mRNA transcript. The content of each transcript was always quantitated in duplicate: The intraassay coefficients of variation varied from 7% (BNP pre-mRNA) to 11% (BNP mRNA). The VEGF, BNP, and proBNP mRNA results were normalized to the contents a housekeeping gene (β-actin or GADPH) mRNA. The entire experimental procedures for mRNA quantification from RNA purification to real-time quantification was performed twice with similar results.
To assess the contribution of genomic DNA contamination of RNA samples to the BNP premRNA measurements, we also performed real-time PCR quantification using total RNA rather than cDNA template. Those studies showed that the contribution of genomic DNA to the present results was 0% in most samples and always <20%. No difference was found in genomic contamination between samples from normoxic and hypoxic regions.
BNP and proBNP radioimmunoanalysis
Frozen myocardial biopsies were minced with a scalpel and boiled in H 2 O for 10 min. The suspension was centrifuged (10,000 g, 30 min) and stored at -80°C before radioimmunoanalysis (RIA). Plasma samples were extracted with ethanol as described previously (38) . BNP in tissue extracts and cell culture medium was measured with a commercial RIA for porcine BNP (Phoenix Peptides, Karlsruhe, Germany) that detects porcine BNP-26 and BNP-32 without crossreactivity to atrial natriuretic peptide (39) . In our hands, this assay was not useful for plasma BNP measurements in the pigs without severe cardiac failure. ProBNP in tissue extracts, cell medium, and plasma was measured with a RIA specific for the N-terminus of porcine proBNP, which detects both the intact precursor and the N-terminal proBNP-derived fragments (37) .
Chromatography
The BNP and proBNP immunoreactivity in culture medium from atrial cells was characterized by gel filtration chromatography. Culture medium (2 ml) was applied to a 1000 × 10 mm Sephadex G-50 Superfine column (Pharmacia, Uppsala, Sweden) and eluted at 4°C in a Tris buffer containing 2 g human serum albumin/L (flow rate: 4 mL/h). Void and total volume was determined by the elution of 125 I-labeled albumin and 22 Na, respectively.
Immunohistochemistry
Paraformaldehyde-fixed sections (4 µm) of porcine myocardium were incubated with antiproBNP antiserum (1:100) or preimmune rabbit antiserum (control) (37) . Bound antibodies were visualized with antirabbit antiserum conjugated with fluorescein isothiocyanate (Dako, Copenhagen, Denmark) and a confocal laser-scanning microscope (LSM510, Zeiss, Göttingen, Germany).
Statistics
Data are expressed as mean ± SE. The Wilcoxon-matched pairs and Mann-Whitney tests were used for comparison of data within and between groups, respectively. P-values <0.05 were considered statistically significant.
RESULTS
Surgical reduction of the blood flow to the anterior left ventricular wall lead to slight discoloration of the affected myocardium (Fig. 1A) and a decrease of the oxygen tension in the affected region from 46 ± 4 to 13 ± 5 mmHg after 15 min (Fig. 1B) . To see whether the reduced oxygen tension resulted in stimulation of HIF-1α regulated gene transcription, we quantified VEGF mRNA. After 2.2 ± 0.2 h, the expression of VEGF mRNA was increased 1.8-fold in the hypoxic region compared with normoxic myocardium (P<0.001, Fig. 1C ). The content of BNP mRNA in the hypoxic myocardium was increased 3.5-fold compared with that in normoxic myocardium (P<0.005, Fig. 2A ). A positive correlation was found between the increase in VEGF and BNP mRNA contents in the hypoxic myocardium (r=0.66, P<0.05, data not shown).
The porcine myocardium contains significant amounts of immature BNP pre-mRNA (37). Quantification with a BNP pre-mRNA specific real-time PCR assay revealed that the BNP premRNA content was 4.8-fold higher in the hypoxic compared with the normoxic myocardium (P<0.005, Fig. 2B ). The VEGF mRNA, BNP mRNA, and BNP pre-mRNA contents were similar in the normoxic anterior and inferior left ventricular walls in control pigs (Figs. 1C, 2A, B) .
To assess whether the increased BNP gene expression in hypoxic ventricular myocardium was accompanied by increased BNP peptide production, we analyzed BNP and proBNP peptides in myocardial tissue with radioimmunoassays and immunohistochemistry. However, neither hypoxic nor normoxic left ventricular myocardium contained detectable proBNP concentrations by RIA (Fig. 3A) or on immunohistochemistry (Fig. 3B) . In contrast, left atrial tissue contained both BNP and proBNP peptides, with a markedly lower BNP than proBNP concentration (Fig.  3C ). Confocal laser-scanning microscopy of immunostained atrial sections showed a granularlike appearance of proBNP extending along the contractile apparatus in the myocytes (Fig. 3D) . Gel chromatography of medium from freshly harvested atrial cells kept revealed two forms of proBNP-derived peptides, i.e., the intact precursor and a smaller N-terminal fragment (Fig. 3E) , and a small amount of BNP.
The plasma proBNP concentrations in hypoxic pigs increased 2 h after induction of myocardial hypoxia (P=0.028, Fig. 4A ). In control pigs without surgical reduction of the blood flow, the proBNP plasma concentration was not significantly different from baseline values (95±10.2%, P=0.62). The absence of BNP and proBNP peptides in the ventricular myocardium may reflect rapid release of newly synthesized peptide from the myocytes. To examine this possibility, we kept freshly harvested ventricular cells for 3 h in serum-free culture medium. Although the cells did not contain detectable amounts of BNP or proBNP peptides before or after incubation, we found proBNP accumulation in the culture medium (P<0.0001, Fig. 4B ). The oxygen tension and pH did not change in the culture medium during the experiments (data not shown).
Finally, to examine whether acute hypoxia also increases myocyte BNP gene transcription in the absence of mechanical stimulation, freshly harvested ventricular cells were incubated under oxygen-deprived conditions. The oxygen tension in the culture medium decreased from 159 ± 5 to 42 ± 5 mmHg, whereas pH did not change significantly during the 3 h incubation (7.45 ± 0.06 at 0 h vs. 7.32 ± 0.04 at 3 h). The BNP pre-mRNA content was 2.2-fold higher in oxygendeprived cells compared with control cells (P=0.002, Fig. 5A ). The difference in BNP mRNA content between oxygen-deprived and control cells was only borderline significant (P=0.08, Fig.  5B ), suggesting that the hypoxic stimulation was less pronounced in the in vitro system than in vivo.
DISCUSSION
To study the effect of acute myocardial hypoxia on cardiac BNP expression, we used a new porcine model with low oxygen delivery to the left ventricular myocardium. Myocardial hypoxia rather than anoxia was achieved by ligation of the left anterior descending interventricular artery and partial restoration of the blood flow through a myocardial vein. The oxygen tension in the affected porcine myocardium was similar to that in patients with chronic ischemic heart disease (36, 40) . The experimental model therefore allowed us to study the BNP gene and peptide expression in both normoxic and hypoxic myocardium from the same ventricle, thus minimizing possible biases from anesthesia or neurohormonal activation during surgery.
A principal finding of the study was a robust increase in the BNP mRNA content of the left ventricular myocardium after 2 h of hypoxia ( Fig. 2A) . BNP mRNA contents are regulated at the level of stabilization/degradation, probably due to several AU-rich elements in the 3′-untranslated region (41) . However, we suspect that our findings reflect increased BNP gene transcription rather than BNP mRNA stabilization, as the content of immature BNP pre-mRNA was even more increased than that of the mature BNP mRNA in the hypoxic myocardium (Fig.  2B ).
It is well established that stretching of the myocyte leads to increased BNP gene transcription (42) . Together with the present study, several observations now indicate that the oxygen tension in the myocardium is another regulator of BNP gene expression. First, the magnitude of the difference in BNP mRNA expression levels between the normoxic and hypoxic myocardial regions showed a positive linear correlation with the magnitude of the difference in VEGF mRNA levels between the two regions. VEGF mRNA expression is a principal sensor of the tissue oxygen content (28) and is regulated by HIF-1 (27) . Second, keeping ventricular myocytes in a culture medium for 3 h (i.e., eliminating stretch-associated stimuli) under oxygen-deprived conditions also stimulated BNP gene transcription (Fig. 5) . Third, recent data suggest that transfection of myocardial cells with a stable hybrid HIF-1 protein increases the BNP gene transcription (29) , and in vitro hypoxia stimulates release of both ANP and BNP from perfused rat ventricular myocardium (31) . Fourth, the BNP gene promoter region contains a HIF-1 responsive element upstream of the transcription start site (43) . Finally, the ANP and BNP genes are closely related, and a recent report has disclosed that low oxygen also stimulates the ANP promoter and expression of the ANP gene in cultured cells (26) . It is, however, important to emphasize that hypoxia can also stimulate the cardiac expression of a variety of genes, which in turn could affect the BNP gene transcription.
To see whether the increased BNP mRNA contents in hypoxic myocardium resulted in increased BNP peptide synthesis, we measured BNP and proBNP peptides in myocardial biopsies. ProBNP was undetectable in both normal and hypoxic ventricular biopsies (Fig. 3A, B) . It has been suggested that normal ventricular myocytes secrete proBNP-derived peptides in a constitutive manner (44) . However, this concept has primarily been based on indirect evidence, i.e., the absence of proBNP-derived peptides in tissue samples. To seek further evidence of a constitutive proBNP peptide release, we kept ventricular myocytes in a serum-free medium and measured BNP and proBNP peptides in the cells and medium. Although the ventricular tissue remained devoid of peptides, we found an accumulation of proBNP in the medium (Fig. 4B) . In contrast to ventricular myocytes, the atrial myocytes stored proBNP in granular-like organelles (Fig. 3C) . Interestingly, recent reports have revealed a cardiac-specific protease (corin) that is dominantly expressed in atrial myocytes and is suggested to cleave the precursor prior to secretion (45, 46) . Although atrial cells were found to release both intact proBNP and an N-terminal fragment, only a relatively small amount of BNP was detected in the medium (BNP/proBNP ratio in culture medium = 3.3 ± 0.3%, Fig. 3E ). Moreover, only proBNP and not BNP was detectable in medium from ventricular cells (Fig. 4B ). This finding may suggest that proBNP could be the most sensitive plasma marker of a rapid rise in cardiac BNP gene expression. Unfortunately, the BNP immunoassay was not useful for plasma measurements. Thus, we could not test this result in vivo, and it cannot be excluded that altered expression or activity of corin may have lead to inefficient proBNP processing in the cultured myocytes.
Nevertheless, the present data suggest that the effect of acute myocardial hypoxia on BNP gene expression may be detectable by measuring proBNP concentrations in plasma. Although we cannot exclude that the rise in plasma proBNP in pigs with acute left ventricular hypoxia, at least in part, reflected stretching of the myocytes in the hypoxic region rather than the hypoxia per se, it is noteworthy that we did not see a rise in plasma proBNP in control pigs. The rise in plasma proBNP concentrations was small but achieved after only 2 h of hypoxia in a small area of the left ventricular wall (Fig. 1A) . In patients with chronic myocardial hypoxia due to extensive coronary atherosclerosis, the plasma BNP and proBNP concentrations appeared to be elevated to an extent similar to that in patients with severe systolic dysfunction (25) . This may imply that prolonged oxygen-deprivation, despite preserved viability of the myocardium and despite lack of detectable cardiac systolic dysfunction, increases the plasma BNP and proBNP concentrations. In support of this, a recent report confirmed an association between inducible ischemia and plasma BNP concentrations in patients with stable coronary artery disease (47) . Interestingly, BNP is a potent vasodilator in the coronary vasculature (33) (34) (35) . A hypoxia-induced increase in BNP gene expression makes teleological sense, if BNP functions in a paracrine regulatory mechanism that increases the local blood supply to the hypoxic area. Thus, even modest increases in BNP gene expression may have important local functions.
In conclusion, the present study suggests that acute myocardial hypoxia results in a rapid increase in cardiac BNP gene transcription, release of proBNP peptide from the ventricular myocytes, and a significant rise in plasma proBNP concentrations. Further studies are needed to establish the potential value of plasma proBNP measurements in patients with chronic myocardial hypoxia due to coronary atherosclerosis. 
